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(57) Abstract: A communication system (network), such as communication system is a millimeter wave (MMW) communication 
system, comprise a serial chain of nodes comprising a middle node (#1) a first adjacent node (#2) on a one side of the middle node 
and a second adjacent node (#3) on an opposite side of the middle node, each of the middle, first adjacent and second adjacent 
nodes comprising a transmitter and a receiver, a first antenna at the middle node (#1) for transmitting and receiving over a first link 
with the second adjacent node (#3), a second antenna at the middle node (#1) for transmitting and receiving over a second link with 
the first adjacent node (#2); and means for performing interference cancellation in one or both of the transmitter and receiver of the 
middle node. Various embodiments of multidimensional equalizer are disclosed for performing interference cancellation. A transmit 
interference canceller is disclosed comprising means for convolving a signal intended for transmission to a one adjacent node with 
a equalized version of a signal intented for transmission to the other adjacent node. Receive interference cancellation can be done 
with or without mitigating phase noise. Transmit interference cancellation can be done with or without mitigating phase noise. The 
invention can be used with or without employing Automatic Transmitter Power Control (ATPC) at the nodes. The invention can be 
used employing various modulations on links between the various nodes of the network. Techniques are disclosed for setting up the 
links of the network. 
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IMPROVED SPATIAL SPECTRAL EFFICIENCY FOR 
WIRELESS RINGS AND NETWORK OF LINKS IN 
MILLIMETER WAVE (MMW) COMMUNICATION SYSTEMS 

TECHNICAL FIELD OF THE INVENTION 

The invention relates to tlie design and implementation of wireless rings and 
network of links in millimeter wave (MMW) line of sight wireless communications. 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This is a continuation-in-part of commonly-owned, copending U.S. 
Provisional Patent Application No. 60/229,065, filed 31 August 2000. 

Ihis is also a continuation-in-part of commonly-owned, copending 
Intcni:iiii>nal Patent Application No. PCT/USOl/24913, filed on 9 August 2001, and 
irKi»rp«»r:itcd in its entirety by reference herein. 

'V\< K< ;R< U fND OF THE INVENTION 

1 1 IS noiTnally necessary to obtain a "spectrum license" before using a 
IrcqucTK \ band for wireless commimication. This is true of millimeter wave (MMW) 
ircquciKK--., as it is for most other frequency bands. Spectrum licenses for MMW 
c«>intiu;.Mications fi-equencies are issued by agencies responsible for management of 
(lie ckxUiunagnetic spectrum, and generally permit the use of two frequency bands 
lur tulUvluplex (bi-directional, concurrent) communications - one band for 
irauNnuttmLi ( Tx) and one band for receiving (Rx). 

Fi'^ure 1 is a graphical representation of a typical single spectrum license 100 
for luII-JupIcx MMW communication comprising a first frequency band 102 and a 
second frequency band 104. The first firequency band 102 ("Channel 1") centers 
about a first firequency fl and has a first bandwidth A/7. The second firequency band 
104 ("Channel 2") centers about a second frequency f2 and has a second bandwidth 
A/2. Tlie second fi-equency f2 is distinct and offset from the first frequency//. The 
second bandwidth bifl is typically substantially equal to the first bandwidth A/7. In 
the context of the present invention, the first frequency band 102 is used for 
conamunication in a first direction between two "nodes" of a MMW commimication 
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network, and is generally indicated by a solid line with a left-pointing arrowhead, and 
the second frequency band 104 is used for communication in a second direction 
between the two nodes, and is generally indicated by a dashed line with a 
right-pointing arrowhead. When referring to spectrum licenses in subsequent figures, 
5 dashed and solid lines will be used to represent the two distinct frequencies of a 
spectrum license, with arrowheads indicating the direction of communication, from 
transmitter to receiver. A bi-directional communication path between two adjacent 
nodes communicating over two distinct: frequency bands is referred to as a "link," and 
each link uses one spectiiim license. 
10 Figure 2 is a block diagram of a multi-node MMW communication network 

200 comprising a "chain" (or "ring") of communication nodes 202, 204, 206, 208, 
210, 212, and 214. The system 200 employs multiple frequency licenses between 
multiple nodes. 

The first node 202 (#1) commimicates with the second node 204 (#2) over a 

15 link 216 via a first frequency band 216a and a second frequency band 216b. The first 
frequency band 216a is used for communications from the second node 204 to the 
first node 202 and the second frequency band 216b is used for commimications from 
the first node 202 to the second node 204. 

The first node 202 (#1) communicates with the third node 206 (#3) over a link 

20 218 via a first frequency band 218a and a second frequency band 218b. The first 
frequency band 218a is used for communications from the third node 206 to the first 
node 202 and the second frequency band 218b is used for communications from the 
first node 202 to the third node 206. 

The second node 204 (#2) communicates with the fourth node 208 (#4) over a 

25 link 220 via a first frequency band 220a and a second frequency band 220b. The first 
frequency band 220a is used for communications from the second node 204 to the 
fourth node 208 and the second frequency band 220b is used for communications 
fromthefourthnode208 to the second node 204. ... 

The third node 206 (#3) communicates with the fifth node 210 (#5) over a link 

30 222 via a first frequency band 222a and a second frequency band 222b. The first 
frequency band 222a is used for communications from the third node 206 to the fifth 
node 210 aiid the second frequency band 222b is used for communications from the 
fifth node 21 0 to the third node 206. 
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The fourth node 208 (#4) communicates with, the sixth node 212 (#6) over a 
link 224 via a first frequency band 224a and a second frequency band 224b. The first 
frequency band 224a is used for communications from the sixth node 212 to the 
fourth node 208 and the second frequency band 224b is used for communications 
from the fourth node 208 to the sixth node 212. 

The fifth node 210 (#5) commimicates with the seventh node 214 (#7) over a 
link 226 via a first frequency band 226a and a second frequency band 226b. The first 
frequency band 226a is used for communications from the seventh node 214 to the 
fifth node 210 and the second frequency band 226b is used for conununications from 
the fifth node 210 to the seventh node 214. 

Any ring/chain of "n" nodes can be implemented with at most "n" spectrum 
licenses, but in practice the required number of licenses is usually considerably 
smaller in point-to-point, line of sight MMW communication. In the system 200 of 
Figure 2, some of the links 216, 218, 220, 222, 224 and 226 can use common 
spectrum licenses. The actual number of spectrum licenses used to implement a 
network of nodes is selected based upon tlie geometry of the network, the 
directionality of antennas, the local geometry of each node site and antenna 
polarization employed at the nodes. In combination, these parameters determine the 
amount of interference between nodes employing the same spectrum license. MMW 
receiving systems are frequency-selective enough that "cross-band" interference 
(interference between transmissions from different frequency bands) is negligible. 

For example, if tlie antennas for the second node 204 (#2) and the fourth node 
208 (#4) exhibit a high degree of electromagnetic separation from those of the third 
node 206 (#3) and the fifth node 210 (#5), then the links 220 and 222 can employ the 
same spectrum license. Because of the short wavelength of MMW frequencies, 
MMW antennas are inherently highly directional. As a result, a high degree of 
electromagnetic separation between nodes can be achieved in MMW when the 
antennas for those nodes are not aimed at one another. In some cases, the 
combination of antenna directionality and physical separation between independently 
communicating pairs of nodes ensures negligible interference therebetween, 
permitting re-use of a single spectrum license. 

The basic building block of a multi-node point-to-point MMW network is a 
serial chain of three nodes, communicating using two links (which may or may use 
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the same spectrum license, as discussed above) between a middle node and two 
adjacent nodes on opposite sides of the middle node. For example, the first node 202, 
second node 204 and third node 206 of Figure 2 fomi such a chain. (A chain of two 
nodes using only one spectrum license is a trivial case and does not accoimt for the 
5 effects of inter-node interference that exists in longer chains of nodes. A three-node 
chain is the minimum size network subset that exhibits these interference effects.) 

In a typical serial chain of tixree nodes, the two adjacent links often employ 
two different spectrum licenses. A necessary (but not sufficient) condition for the use 
of a common spectrum license is that the "middle" (intermediate) node of the three 

10 node chain transmits to both adjacent nodes using one frequency band (channel) of a 
spectrum license, and receives transmissions from both adjacent nodes via the other 
frequency band of the spectrum license. For example, consider a case where all of the 
links 216, 218, 220, 222, 224 and 226 of Figure 2 employ the same spectrum license. 
In this case, all of the fu-st frequency bands 216a, 218a, 220a, 222a, 224a and 226a 

15 would be the same and all of the second frequency bands 216b, 218b, 220b, 222b, and 
224b would be the same. Node #1 202 transmits to nodes #2 and #3 (204 and 206) on 
the second frequency band (216b, 218b) and receives from nodes #2 and #3 (204 and 
206) on the first frequency band (216a, 218a). Node #2 (204) transmits to nodes #1 
and #4 (202 and 208) on the first frequency band. (216a, 220a) and receives from 

20 nodes #\ and #4 (202 and 208) on the second frequency band (216b, 220b). Node #3 
(206) transmits to nodes #1 and #5 (202 and 210) on the first frequency band (218a, 
222a) and receives from nodes #1 and #5 (202 and 210) on the second frequency band 
(218b, 222b). Node #4 208 transmits to nodes #2 and #6 (204 and 212) on the second 
jfrequency band (220b, 224b) and receives from nodes #2 and #6 (204 and 212) on the 

25 first frequency band (220a, 224a). Node #5 210 transmits to nodes #3 and #7 (206 
and 214) on the second frequency band (222b, 226b) and receives from nodes #3 and 
#7 (206 and 214) on the first frequency band (222a, 226a). In the case of each node, 
transmission to both adjacent nodes occurs in one frequency band and reception from 
both adjacent nodes occurs in the other frequency band. Because of this, and because 

30 of the frequency selectivity of MMW receivers, transmissions at any node do not 
interfere in any significant way with reception. This property is referred to hereinafter 
as "transmit-receive separation". 
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In the case described above where all of the links (216, 218, 220, 222, 224 and 
226) employ the same spectrum hcense, transmit-receive separation prevents 
interference within a node due to its own transmissions. Attention is now directed to 
interference jfrom other nodes, using node #1 202 as the point of reference. 
5 Node #1 does not experience interference from node #4 208 or node #5 210, 

because both nodes transmit using the second frequency band (220b, 222b) while 
node #1 202 receives only on the first frequency band (216a, 218a). Frequency 
selectivity limits cross-band interference to negligible levels. Since appreciable 
sources of interference with node #1 202 can only occur in the first frequency band, 

10 the only possible remaining sources of interference come from node #2 204, node #3 
206, node #6 212 and node #7 214, which transmit on the first frequency band (216a, 
218a, 224a and 226a). 

In a chain of nodes, nodes adjacent to one another are referred to herein as 
"first neighbors", nodes separated in the chain by another node are referred to as 

15 "second neighbors", nodes separated in the chain by two other nodes are referred to as 
"third neighbors", and so on. Accordingly, node #1 202 and node #2 204 are first 
neighbors, node #1 202 and node #4 208 are second neighbors, and node #1 202 and 
node #6 212 are third neighbors. 

Evidently, the only significant sources of interference in a chain of nodes of 

20 this type are from odd-numbered neighbors, i.e., first neighbors, third neighbors, etc. 
However, in any likely network configuration, third neighbors (and those beyond 
"third") are likely to be aimed considerably off-angle with respect to one another. 
That is, third neighbors are not aimed at one another, and are generally aimed quite far 
away from one another. Due to the high degree of directionality of MMW antennas 

25 this contribute to a high degree of angle separation between third (and higher 
numbered) neighbors. In typical MMW networks, this angle separation translates to 
signal attenuation (signal separation) of 60dB, or better. Therefore, the main sources 
of interference are adjacent nodes (first neighbors). Referring to the aforementioned 
three-node building block, all appreciable interference at any node resides completely 

30 within the building block that includes its two first neighbors. In the case of node #1 
202, all appreciable interference occvirs from its two first neighbors, node #2 204 and 
node #3 206. 
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In the case where the two links of a three-node building block use two 
different spectrum licenses, there is inherently a sufficient electromagnetic separation 
(frequency selectivity) to prevent cross-band interference. Figure 3 is a block 
diagram of a three-node building block 300, comprising three nodes, a first node 302 
5 (#1) having a first antenna 302a and a second antenna 302b, a second node 304 (#2) 
and a third node 306 (#3). The first anteima 302a communicates (full duplex, 
bi-directionally) with the third node 306 via a link 318 comprising a first frequency 
band 318a and a second frequency band 318b. The first antenna 302a receives 
transmissions from the thiid node 306 via the first frequency band 318a and transmits 

10 to the third node 306 via the second frequency band 318b. The second antenna 302b 
communicates (full duplex, bi-directionally) with the second node 304 via a link 316 
comprising a first frequency band 316a and a second frequency band 316b. The 
second antenna 302b receives transmissions from the second node 304 via the first 
frequency band 316a and transmits to the second node 304 via the second frequency 

15 band 316b. In the case illustrated in Figure 3, the first link 316 and the second link 
318 use different spectrum licenses, ensuring that electromagnetic separation 
(frequency selectivity) reduces interference at either the first antenna 302a or the 
second antenna 302b of the first node to negligible (acceptable) levels. Accordingly, 
the four receive and transmit paths associated, wdth the four frequency bands 316a, 

20 316b, 318a, and 318b used by links 316 and 318 can be viewed as four completely 
independent channels. 

In the case where the two links of a three-node building block use the same 
spectrum license, frequency re-use is doubled, but there is greater potential for 
interference. 

25 Figure 4 is a block diagram of another three-node building block 400, 

comprising three nodes, a first node 402 (#1) having a first antenna 402a and a second 
antenna 402b, a second node 404 (#2) and a third node 406 (#3). ). The first antenna 
402a communicates (full duplex, bi-directionally) with the third node 406 via a link 
41 8 comprising a first frequency band 418a and a second frequency band 41 8b. The 
.30 first antenna 402a receives transmissions from the third node 406 via the first 
frequency band 418a and transmits to the third node 406 via the second frequency 
band 418b. The second antenna 402b communicates (full duplex, bi-directionally) 
with the second node 404 via a link 416 comprising a first frequency band 416a and a 
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second frequency band 416b. The second antenna 402b receives transmissions j&om 
the second node 404 via the first frequency band 416a and transmits to the second 
node 404 via the second frequency band 416b. Unlike the links 316 and 318 of the 
building block 300 of Figure 3, which use different spectrum licenses, the two links 
5 416 and 418 use the same spectrum license. As a result, the two first frequency bands 
416a and 418a are the same and the two second frequency bands 416b and 418b are 
tlae same. As a result, the separation between the desired receive signal in the first 
antenna 402a (in the first frequency band 418a) which comes from the third node 406 
and an undesired or "interfering" signal from the second node 404 (in the same 

10 frequency band 416a) is due only to the angular separation between the two antenna 
402a and 402b. Since transmissions from node #2 404 to the first node are aimed 
directly at the second antenna 402b which is closely co-located with the first anteima 
402a, the aiming of transmissions from node #2 does not contribute to this angle 
separation, and a portion 430b of the signal transmitted from node #2 404 to the 

15 second antenna 402b of the first node "leaks into" the first antenna 402a. In a typical 
point-to-point MMW communications system as described herein with respect to 
Figure 4, the ratio of an interfering signal from an adjacent node to a desired signal 
can reach as high as -30 dB. The same situation holds in reverse for the second 
antenna 402b. That is, a portion 430a of the signal transmitted from node #3 406 to 

20 the first antenna 402a of the first node "leaks into" the second antenna 402b. 

Depending upon site geometry, node locations and the angle separation 
between the antennas, interference when using a single spectrum license as described 
hereinabove with respect to Figure 4 can be too great for reliable MMW 
communication. When this occurs, it becomes necessary to resort to using two 

25 separate spectrum licenses, reducing frequency re-use and increasing cost. 

It should be understood that different modulation schemes can be implemented 
in MMW communications including, but not limited to, Quadrature Amplitude 
Modulation (QAM), and Pulse Position Modulation (PPM). 

30 Receive Interference and Transmit Interference 

Receive interference and transmit interference are problems which can occur 
when two or more nodes employ the same frequency license. 
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Figure 4 illustrates a typical exainple of "receive interference". In this 
example, a signal transniitted to node #1 402 from node #2 404, which is intended for 
antenna 402b of node #1 402, leaks to antenna 402a of node #1 402. Similarly, 
antenna 402b receives the leakage of signals transmitted from node #3 406, which are 

5 intended for antenna 402a. These signals are referred to as "receive interfering 
signals". The interference power depends on the geometry of the node site and on the 
receive pattem of the antennas 402a and 402b. If the antermas 402a and 402b are 
located exactly back to back (180 degrees separation), the leakage of interfering signal 
is of the order of -60 to -40 dB (for MMW high directivity antennas). However, if 

10 the angle is not 1 80 degrees, stronger leakage may arise, and may reach the order of — - 
25 dB, depending on the local geometry. 

For purposes of the discussion that follows, it is assumed that the receive 
interference at a given anteima of a given node, is solely a result of transmission made 
from an adjacent node, which is intended for the other antenna at the given node. 

15 This would result from the two links to the two nodes adjacent the given node 
employing the same frequency license. 

The amount of receive interference depends on whether or not ATPC is used, 
and whether or not the stations (nodes) employ different modulation schemes, 
Channel attenuation due to weather effects (i.e., rain attenuation, or CPA in dually 

20 polarized systems) must also be taken into account. The following cases (A-D) are 
therefore possible . 

A) Without ATPC^ Same Modulation for all links: Link lengths may not be 
constant along the chain/ring, depending on the physical locations of the nodes. 

25 Moreover, according to weather conditions, one link can suffer from high attenuation 
due to rain, while the other can see clear sky. Typical accumulated rain attenuation 
value in MMW links can reach 30 dB in bad weather conditions. Thus the dynamic 
range of receive interference to desired receive si^al can be very high, from the 
range of -60 to -40 dB without rain, to the range of -30 to -10 dB, depending on 

30 angles between antennas and weather conditions. 
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B) With ATPC, Same Modulation for aU links: - Typical values of ATPC in 
MMW systems is 10 to 25 dB dynamic range. With 20 dB ATPC, the receive 
interference may be reduced to — 20dB, or worse. 

5 C) Without ATPC, Different Modulations along the chain/ring; Employing 
different modulations along the chain/ring further increases the dynamic range of 
receive interference to desired signal. In the absence of ATPC, each antenna 
transmits with the maximal possible power. When different modulations are 
employed, the maximal power varies according to the required back-off. The 

10 difference in back-off required for 16 QAM and 128 QAM is in the order of 5 dB (this 
takes into accoimt not only the different peak-to-r.m.s. of the constellations, but also 
the sensitivity to impairments). Consider, for example, the following. Assume, for 
example, that the link 416 from node #2 404 to node #1 402 in Figure 4 employs 16 
QAM (or 16 TCM), while the link 418 from node #3 406 to node #1 402 employs 128 

15 QAM (or 128 TCM). This enhances the receive interference at antenna 402a by an 
amount of 4 dB, due to the fact that the back-off required by the transmitter in node 
#3 406 is larger by 5 dB than that required by the transmitter in node #2 404. Since 
ATPC is not present, tlie fact that decoding 16 QAM needs lower received power 
cannot be taken into account. Thus, the conclusion is, as in the case of fixed 

20 modulations among the three stations, when no ATPC is present, the ratio between 
receive interference and desired signal can exceed considerably the value of -30dB. 

D) With ATPC, Different Modulations along the chain/ring; Jn this case, the 
receive interference is increased relative to that in case B (with ATPC, same 
25 modulation) by an amount equal to the difference in sensitivity. The difference in 
sensitivity between 16 QAM and 128 QAM may typically be 9 dB. Thus, the 
interference may be roughly only 10 dB below the desired signal. 

Figure 5 is a block diagram of a three-node building block 500, comprising 
30 three nodes, a first node 502 (#1) having a first antenna 502a and a second antema 
502b, a second node 504 (#2) and a third node 506 (#4). The first antenna 502a 
communicates (full duplex, bi-directionally) with the third node 506 via a link 518 
comprising a first frequency band 518a and a second frequency band 518b. The first 
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antenna 502a receives transmissions from the third node 506 via the second frequency 
band 518b and transmits to the third node 506 via the first frequency band 518a. The 
second anteima 502b communicates (full duplex, bi-directionally) with the second 
node 504 via a link 516 comprising a first frequency band 516a and a second 
5 frequency band 516b. The second antenna 502b receives transmissions from the 
second node 504 via the second frequency band 516b and transmits to the second 
node 504 via the first frequency band 516a. As was the case with tlie links 416 and 
418 of the building block 400 of Figure 4, the two links 516 and 518 use the same 
spectrum license. As a result, the two first frequency bands 516a and 518a are the 

10 same and the two second frequency bands 5 1 6b and 5 1 8b are the same. 

Figure 5 illustrates a typical example of "transmit interference". In this 
example, only one spectmm license is employed for the two linlcs 516 and 518. Due 
to the out-of-main beam linkage, the signal transmitted from antenna 502b of node #1 
502, which is intended for node #2 504, leaks also in the direction of node #3 506, as 

15 indicated by the arrow 532b, and is received at node #3 506 as interference, owing to 
the fact that chaimels 1 coincide.. Similarly, the signal transmitted from antenna 502a 
of node #1, which is intended for node #3, leaks, as indicated by the arrow 532a, to 
node #2. This leakage is referred to as "transihit interference signals". 

20 As was the case with receive interference, the amount of transmit interference 

depends on whether or not ATPC is used, and whether or not the stations employ 
different modulation schemes. The following cases (E-H) are therefore possible: 

E. Without ATPC. Same Modulation for all links: In this case, the ratio of 
25 transmit interference to desired signal is determined solely by tlie amount of 
out-of-main beam leakage (directivity) of the anteima and the neighborhood of the 
antenna. This is due to the fact that even in case of strong rain attenuation, the desired 
and interfering signals are subject to the same rain attenuation, and the constellations 
and transmission power are similar. Thus the transmit interference is very weak in 
30 case of good direction separation (for MMW, about —60 to -40 dB), and can 
deteriorate to -30 dB or below, depending on the angle between the links and the site 
geometry. 
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F With ATPC. Same Modulation for all links: Typical ATPC dynamic 
range is 10 to 20 dB. With 20dB ATPC, transmit interference to desired signal ratio 
can reach a level of -20dB. 

G. Without ATPC, Different Modulations along the chain/ring; Transmit 
interference deteriorates from the situation of no ATPC and one modulation, by an 
amount equal to the differences between required back-off, which may reach values of 
the order of 5dB between 16 QAM and 128 QAM for example. This results in a value 
of about -25 dB transmit interference. The maximal allowed interference at each 
modulation is determined by its sensitivity. 

H. With ATPC, Different Modulations along the chain/ring: In this case 
transmit interference may deteriorate by an amount of 5dB relative to the case of 
ATPC with one modulation scheme. Thus it may reach -1 5 dB or worse. 



The above-described scenarios for receive and transmit interference are 
summarized in the following table. 





with/out 
ATPC 


same/different 
modulation 


receive 
interference 


transmit 
interference 


A,E 


without 


Same . . 


-30 dB 


-60, -40, -30 db 


B,F 


with 


Same 


-20 dB 


-20 dB 


C,G 


without 


Different 


-30 dB 


-25dB 


D,H 


with 


Different 


-10 dB 


-15 dB or worse 



Evidently there is a need for a technique to improve j&*equency re-use and/or to 
compensate for the effects of receive and transmit interferences between nodes of a 
multi-node MMW network. 

BRIEF DESCRIPTION TSUMMART) OF THE INVENTION 

It is a general object of the invention to provide a technique for improving the 
frequency re-use of links in (i.e., improving the spatial spectral efficiency of) a 
wireless ring and network of links, in systems where the electromagnetic separation 
between antennas does not suffice to ensure low interference, such as is often the case 
in millimeter wave (MMW) communications. 
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Generally, the basic building block of a multi-node point-to-point MMW 
network is a serial chain of three nodes (stations), a "middle" node (#1) and two 
"adjacent" (or "first neighbor") nodes (#2, #3) on either side of the middle node, 
communicating using two links (link 1-2, link 1-3). When a common spectrum 

5 license is used for the two links, the "middle" node transmits to both adjacent nodes 
using one frequency band (channel) of the spectrum license, and receives 
transmissions from both adjacent nodes using tlie other frequency band of the 
spectrum license. Generally (without the present invention), interference at the 
intermediate node connecting the two links is relatively high, since antennas of the 

10 adjacent nodes are directed toward the intermediate node, thus there is an angle 
separation (directivity) due to only one anteima. Angle separation due to only one 
antenna may not be enough to ensure low interference. 

According to the invention, a communication system (network), such as 
Cffnrnunication system is a millimeter wave (MMW) conmiunication system, 

! < c*»niprisc* a serial chain of nodes comprising a middle node (#1) a first adjacent node 
I ' - 2 1 t»n a one side of the middle node and a second adjacent node (#3) on an opposite 
mJc i»! the middle node, each of the middle, first adjacent and second adjacent nodes 
c*»:npfi:sinv: a transmitter and a receiver, a first antenna at the middle node (#1) for 
ir.ijjMnttung and receiving over a first link with the second adjacent node (#3), a 
>vv<.»nd antenna at the middle node (#1) for transmitting and receiving over a second 
. hnk w ith the first adjacent node (#2); and means for performing interference 
eanccllaiion in one or both of the transmitter and receiver of the middle node. 
\ arimis embodiments of multidimensional equalizer are disclosed for performing 
inierlerence cancellation. A transmit interference canceller is disclosed comprising 

25 mean.s lor convolving a signal intended for transmission to a one adjacent node with a 
equalized version of a signal intended for transmission to the other adjacent node. 
Receive interference cancellation can be done with or without mitigating phase noise. 
Transmit interference cancellation can be done with or without mitigating phase 
noise. The invention can be used with or without employing Automatic Transmitter 

30 Power Control (ATPC) at the nodes. The invention can be used employing various 
modulations on links between tlie various nodes of the network. Techniques are 
disclosed for setting up the links of the network. 
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According to the invention, interference cancellation is performed at the 
transmitter only, or at the receiver only, or at both the transmitter and the receiver, 
depending on the speciJBc network implementation. Interference cancellation at the 
receiver is done with a multi-dimensional equalizer. Interference cancellation at the 
5 transmitter is done with a multi-dimensional equalizer, and utilizes a feed back 
channel from the node to which the transmission is done. The receive interference 
cancellation mitigates phase noise with the aid of a set of PLLs located on the 
branches of the equalizer, before or after the equalizer, or by using a common carrier 
reference. Transmit interference cancellation mitigates phase noise effects by using a 

10 common carrier reference. 

The mvention may utilize a three-stage setup process for cases where 
simultaneous setup of all links of the network is required. The setup is done in three 
stages: first, only the receive interference cancellation is activated, at the second step 
feedback channel is made available, and at the third step the transmit interference 

15 cancellation is activated. The setup process ensures that proper interference 
cancellation is achieved, although feedback channels are not initially available. The 
setup process requires that ATPC is turned oflf during setup, or the use of a smaller 
constellation during setup, in order to reduce the transmit interference during setup. 
The invention may alternatively utilize a link-by-link sequential setup process. In this 

20 case, the setup is done in three stages for each node. First receive interference 
cancellation is activated, at the second stage feedback channel is made available, and 
at the third stage transmit interference cancellation is activated. 

The present invention improves frequency re-use in systems where the 
electromagnetic separation between anteimas does not suffice to ensure low 

25 interference. It enables the use of one spectrum license in two adjacent links, by 
performing interference cancellation at the intermediate node. The invention is 
applicable to networks with stations employing single antenna, multi anteima, dual 
polarization, and combinations of the above. The invention is applicable to various 
network topologies, in particular rings and chain of links. The invention enables the 

30 implementation of a ring or chain of links employing only one spectrum license, 
provided that the network topology ensures that for every node, third neighbors and 
further does not cause significant interference. This requirement is typically met at 
MMW networks. The invention employs a frequency channel allocation that ensures 
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tbat the transmission at each node does not interfere with reception at the same node. 
The invention is applicable in networks employing ATPC and various modulations 
along the various links. 

Other objects, features and advantages of the invention will become apparent in 
5 Ught of the following description thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Reference will be made in detail to preferred embodiments of the invention, 
examples of which may be illustrated in the accompanying drawing figures. The 
10 figures are intended to be illustrative, not limiting. Although the invention is generally 
described in the context of these preferred embodiments, it should be understood that it 
•is not intended to limit the spirit and scope of the invention to these particular 
embodiments. 

The structure, operation, and advantages of the present preferred embodiment of 
15 the invention will become further apparent upon consideration of the following 
description, taken in conjunction with the accompanying figures, wherein: 
Figure 1 is a graphical representation of a typical single spectrum license employing 
one transmit (Tx) chanjiel and one receive (Rx) channel, according to the prior art; 
Figure 2 is a diagram illustrating a typical chain of links/ring network, showing 
20 several nodes, and several links between nodes using several spectrum licenses, 
according to the prior art; 

Figure 3 is a diagram illustrating antennas, and receive/transmit signals at a middle 
node (#1) of a typical chain of links/ring network, when two links employ different 
. spectrum licenses, according to the prior art; 
25 Figure 4 is a diagram illustrating receive interference at a middle node (#1) of a 
typical chain of links/ring network, when two links employ the same spectrum 
license, according to the prior art; 

Figure 5 is a diagram illustrating transmit interference at a middle node (#1) of a 
typical chain of links/ring network, when two links employ the same spectrum 
30 license, according to the prior art; 

Figure 6 is diagram illustrating an embodiment of a receive interference cancellation 
scheme, according to the invention; 



wo 02/19591 



PCT/ILOl/00820 



15 

Figure 7 is diagram illustrating an alternative embodiment of a receive interference 
cancellation scheme, according to the invention; 

Figure 8 is diagram illustrating a transmit interference canceller, located at a middle 
node (#1) of a chatQ of links/ring network, according to the invention; 
Figure 9 is diagram of an embodiment of an adaptive equalizer for receive 
interference cancellation, according to the invention; 

Figure 9 A is diagram of an alternate embodiment of an adaptive equalizer for receive 
interference cancellation, according to the invention; 

Figure 9B is diagram of an altemate embodiment of an adaptive equalizer for receive 
interference cancellation, according to the invention; 

Figure 9C is diagram of an altemate embodiment of an adaptive equalizer for receive 
interference cancellation, according to the invention; 

Figure 9D is a block diagram of a typical PLL which can be used with the present 
in\entii>n to cancel phase noise; and 

Fisurc 10 is diagram illustrating an embodiment of a transmit interference canceler 
lor ifLuiMnit interference cancellation, located at a middle node (#1) of a typical chain 
ff ImLs ring network, according to the invention. 

111. i .\ 1 1 t n DESCRIPTION OF THE INVENTION 

Millimeter wave (MMW) communications systems comprising nodes, links 
K'tween adjacent nodes, two antennas at each node, frequency licenses have been* 
disciLsscd hereinabove, with respect to Figures 1-5. The problems of receive 
interference and transmit interference were discussed. 

The overall purpose of the present invention is to increase frequency re-use by 
pro\ iding tools for mitigating these two kinds of interference and, as described in 
greater detail hereinbelow, this is done with the aid of interference cancellation 
devices at the transmitters and receivers of the nodes and (optionally) with automatic 
transmit power control (ATPC) at the transmitters and (optionally) to systems using 
different modulations and coding for different links. 

The present invention enables the implementation of the basic building block 
of a chain/ring - namely a triplet of nodes (stations) linearly connected with two links 
- by a single spectrum license. This is made possible with the use of interference 
cancellation. With the aid of the current invention, the frequency re-use of any 
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ring/chain of links can be increased (sometimes by a factor of 2), by dividing it into 
basic (possibly overlapping) building blocks of 3 linearly-connected stations, and 
applying the invention to each or some of the triplets. Thus the current invention is 
not limited to networks of three stations only, but is applicable to any ring/chain of 
5 links. 

The interference cancellation is done via multidimensional equalization at the 
receiver, and/or pre-transmission interference cancellation, with or without ATPC, at 
the transmitter. The purpose of ATPC at the transmitter, if implemented, is to 
facilitate the receive interference cancellation by reducing the wide dynamic range of 
10 received signals, typical to MMW communication systems. 

Receive Interference Cancellation 
The present invention uses a multidimensional adaptive equalizer at the 
receiver, in order to reduce or completely cancel the effect of receive interference. 

15 Figure 6 illustrates an embodiment of a multidimensional adaptive equalizer 

600 of the present invention. The dynamic range of the signals involved, in various 
scenarios (with or without ATPC, with the same or different modulation schemes) has 
been described hereinabove. The diagram of Figure 6 focuses on the equalizer 
section of a MMW radio receiver, in complex baseband representation. Elements 

20 which are usually included in MMW radio receivers, before and after the equalizer, 
are omitted for illustrative clarity, such as the radio path down-converting the antenna 
signal to IF and to baseband, analog-to-digital conversion, receiver pulses, timing 
units, PLLs, decoders (if error-control coding is used in the system), etc. One of 
ordinary skill in the art to which the present invention most nearly pertains will 

25 understand the operation and implementation of the invention in a receiver, based on 
the descriptions set forth herein. 

Four antennas 602a, 602b, 606a and 604b are shown in Figure 6. The two 
antennas 602a and 6b2b are associated with the receiver being described in the current 
node (e.g., node #1). The antennas 606a is a transmit antenna of a neighboring node 

30 (e.g., node #3), and the antenna 604b is a transmit antenna of the other (node #2) of 
two neighboring nodes. The antenna 606a transmits a signal stream a_l. The 
antenna 604b transmits a signal stream a_2. It is intended that the antenna 602a 
receive the signal stream a_l, and that the antenna 602b receive the signal stream a_2. 
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However, as schematically illustrated, there is receive interference as a portion of the 
signal stream a_l leaks into the antenna 602b and a portion of the signal stream a_2 
leaks into the antenna 602a. 

Each of the antennas 602a, 602b, 606a and 604b can comprise a single 
5 antenna, an antenna array, a dual polarization antenna, or an antenaia array which 
includes dual polarization elements. 

Four adaptive equalizer blocks (Eqll) 634a, (Eql2) 634b, (Eq21) 634c and 
(Eq22) 63 4d are shown in Figure 6, each having an input and an output. Each 
adaptive equalizer block can comprise a multidimensional adaptive equalizer, 
10 depending on whether the system is a single antenna, multi-antenna, dual polarization, 
or a combination of multi-antenna and dual polarization. 

Tlie signal (symbol stream) S_l from the antenna 602a (with receive 
interference content) is provided to the two equalizer blocks Eqll and Eql2. 

The signal (symbol stream) S_2 from the antenna 602b (with receive 
15 interference content) is provided to the two equalizer blocks Eq22 and Eq21. 

The output of the equalizer block Eqll is provided to a first input of a first 
summing junction 638a. The output of the equalizer block Eq22 is provided to a first 
input of a second summing jimction 638b. These two equalizer blocks Eqll 634a and 
Eq22 634d are referred to as "inline equalizers", and are the blocks comprising the 
20 (multidimensional) equalizer in case that the two links employ two spectrum licenses 
(such as described with respect to Figure 3). 

The output of the equalizer block Eql2 is provided to a second input of the 
second summing junction 638b. The output of the equalizer block Eq21 is provided 
to a second input of the first summing junction 638a. These two equalizer blocks 
25 Eql2 634b and Eq21 634c are referred to as "cross equalizers". The receive 
interference depends, beside on the link characteristics, also on the geometry of the 
node site. 

The ou^uts of the summing junctions 638a and 638b are signals (symbol 
streams) a_l and a_2, which are interference-cancelled versions of the incoming 
30 signals S_l and SJ2, respectively, and are provided to decision units/decoders (not 
shown) for each of the signals a_l and a_2, respectively. 

The node site has two receive antennas, A 602a and B 602b, as described 
hereinabove. Generally, the compensation of the receive interference for a 
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given/current antenna (hence, a given link) is done by taking a signal from the other 
receive antenna, whose IF filter differs from the IF filter of the current antenna. 
Therefore the cross equalizers Eql2 and Eq21 cannot be identical (should be 
different), up to a multiplication constant, to the inline equalizers Eqll and £q22, but 
5 rather must be adaptive. The adaptation is done to optimize performance (e.g., 
residual MSB at decision point) in detection of the symbol streams, in the same node 
where the interference canceller is located. Thus no. feedback from other receivers is 
needed, and the adaptation can be fast. 

Figure 7 illustrates an altemate embodiment of a multidimensional adaptive 

10 equalizer 700 of the present invention, and is essentially a variation of the 
multidimensional adaptive equalizer 600 of Figure 6. In a mamier similar to that of 
Figure 6, the diagram of Figure 7 focuses on the equalizer section of a MMW radio 
receiver, in complex baseband representation. Elements which are usually included in 
MMW radio receivers, before and after the equalizer, are omitted for illustrative 

15 clarity, such as the radio path down-converting the antenna signal to IF and to 
baseband, analog-to-digital conversion, receiver pulses, timing units, PLLs, decoders 
(if error-control coding is used in the system), etc. One of ordinary skill in the art to 
which the present invention most nearly pertains will imderstand the operation and 
implementation of the invention in a receiver, based on the descriptions set forth 

20 herein. . 

Fomr antennas 702a, 702b, 706a and 704a are shown in Figure 7. The two 
antennas 702a and 702b are associated with the receiver being described in the current 
node (e.g., node #1). The antennas 706a is a transmit antenna of a neighboring node 
(e.g., node #3), and the antenna 704b is a transmit antenna of the other (node #2) of 

25 two neighboring nodes. The antenna 706a transmits a signal (symbol stream) a_l. 
The antenna 704b transmits a signal (symbol stream) stream a_2. It is intended that 
the antenna 702a receive the signal a_l, and that the antenna 702b receive the signal 
a_2. However, as schematically illustrated, there is receive interference as a portion 
of the signal a_l leaks into the antenna 702b and a portion of the signal a_2 leaks into 

30 the antenna 702a. 

Each of the antennas 702a, 702b, 706a and 704b can comprise a single 
antenna, an anteima array, a dual polarization antenna, or an antenna array which 
includes dual polarization elements. 
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Four adaptive equalizer blocks (Eqll) 734a, (Eql2) 734b, (Eq21) 734c tod 
(Eq22) 734d are shown in Figure 7, and each adaptive equalizer block can comprise a 
multidimensional adaptive equalizer, depending on whether the system is a single 
antenna, multi-antenna, dual polarization, or a combination of multi-antenna and dual 
5 polarization. 

The signal S_l from the antenna 702a (with receive interference content) is 
provided to the equalizer block Eqll. The signal S_2 from the antenna 702b (with 
receive interference content) is provided to the equalizer blocks Eq22, These two 
equalizer blocks Eqll 734a and Eq22 734d are referred to as "inline equalizers", and 

10 are the blocks comprising the (multidimensional) equalizer in case that the two links 
employ two spectrum licenses (such as described with respect to Figure 3). 

The system 700 of Figure 7 diJBTers from the system 600 of Figure 6 mainly in 
the connection of the two "cross equaUzers" Eql2 and Eq21. 

The output of the equalizer block Eqll is provided to a first input of a first 

15 sununing junction 738a, and to the input of the equalizer block Eql2 734b, The 
output of the equalizer block Eq22 734d is provided to a first input of a second 
summing junction 738b, and to the input of the equalizer block Eq21 734c. In a 
manner similar to that of the system 600, the output of the equalizer block Eql2 734b 
is provided to a second input of tbe second sunlming junction 738b, and the output of 

20 the equalizer block £q21 is provided to a second input of the first summing junction 
738a. 

The outputs of the summing junctions 738a and 738b are signals (symbol 
streams) S_l and a_2, which are interference-cancelled versions of the incoming 
signals S_l and S_2, respectively, and are provided to decision units/decoders (not 

25 shown) for each signal stream respectively. 

In this configuration 700, the cross equalizers Eql2 and Eq21 depend on the 
link characteristics and on the site geometry, and therefore must be adaptive. 
However, the geometry of the site and the various IF filters are fixed. Therefore, in 
general, the cross equalizer Eql2 of Figure 6can be expressed as a convolution of the 

30 inline equalizer Eqll wdth a transversal filter, denoted bar(Eql2), which depends 
only on the local geometry and the difference between the IF filters, and thus can be 
constant in time (tuned at system deployment) or adaptive. In the case that bar(Eql2) 
is adaptive, its adaptation speed can be made slow compared to the adaptation speed 
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of Eqll, since the geometry and the IF filters are not expected to vary fast in time. A 
similar situation applies to the cross equalizer Eq21 of Figure 6 - namely, it can be 
replaced by a convolution of the inline equalizer Eq22 with a transversal filter, 
denoted bar(Eq21), where bar(Eq21) is mainly a result of the local geometry and the 
5 difference between the IF filters and can be made fixed in time or slowly adaptive. 
This justifies the use of the structure of Figure 7. In some situations, the equalization 
scheme of Figure 7 may be advantageous over the one of Figure 6, due to slower 
adaptation time of the cross equalizers. 

The structure of the receive interference canceller does not depend on whether 

10 or not ATPC is used, and on whether or not the three stations involved (#1, #2, and 
#3) employ more than one modulation. However, presence of ATPC enhances the 
effectiveness of receive interference cancellation in cases of low electromagnetic 
separation between antennas, and strong rain attenuation typical to MMW. 
Preferably, for the receive interference cancellation technique of the present invention 

15 to work well, the system should be designed so that the ratio between receive 
interference and desired signal will not exceed -10 dB. In cases of poor angle 
separation between anteimas and in systems suffering firom strong rain attenuation, 
this can be reached with the aid of ATPC. 

20 Transmit interference cancellation 

Figure 8 illustrates an embodiment of the invention wherein interference 
cancellation is performed in the transmitter section of a node to mitigate the transmit 
interference signals. A transmit interference canceller 800 is shown, and is assumed 
to be located at node #L The symbols in the figure are information symbols of an 

25 uncoded constellation, or coded symbols, in the case the systems employs error 
correction coding. 

Two transmitters 856a and 856b are shown, connected respectively to two 
antennas 814a and 81 4b. The antenna 814a is directed to node #3. The antenna 814b 
is directed to node #2. • 
30 It should be understood that, in general, the transmitters can be implemented 

as two physically separated units, or as one unit. The cooperation needed between the 
two transmitters is a common knowledge of the transmission pulses in use by each 
other, and the information symbols of each other. In case where error correction 
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coding is employed, common knowledge of the coded symbols of each other is 
needed. In addition, a common reference for the local oscillators of the two 
transmitters is needed, in order to reduce phase noise effects. 

Signals (symbol streams) al and a_2, are provided to transmitters 856a and 
5 856b respectively, to be transmitted to node #3 and to node #2, respectively. 

First, canceling the transmit interference in the transmission by the antenna 
814a, in the absence of phase noise, will be described. (Phase noise effects are 
discussed below.) The transmitter 856a receives the signal a_l intended for node #3, 
and also has access to the signal a_2 intended for node #2, These symbols are 

10 convolved with the transmission pulse TP2 858b of the stream to node #2, then 
passed through an adaptive equalizer Eq3 862a, and added in a summing jimction 
866a to the transmission pulse TP3 858a mtended for node #3. The adaptive 
equalizer Eq3 862a compensates the differences which exist between the IF filters 
(and in general, the analog parts) of the transmitters connected to antennas, and for the 

15 local geometry of the node #1 site. It should be noted that, in MMW, the desired 
signal a_l transmitted to node #3, and the transmit interference signal a_2 arriving 
to node #3 due to leakage of antenna 814b of node #1, pass through the same link, and 
thus see the similar physical chaimel characteristics. Therefore the adaptive 
equalizer Eq3 862a at the transmit interference canceller only has to compensate for 

20 the difference between IF filters and the local geometry, and thus can have slow 
adaptation. This is what makes the transmit interference cancellation feasible. The 
equalizer Eq3 862a opts to optimize performance at node #3, therefore a feed back 
must exist between nodes #1 and #3. Since the adaptation need not be fast, the feed 
back between nodes #1 and #3 can be implemented without degrading the system 

25 capacity. The adaptation is done to optimize a performance measure at node #3, e.g., 
residual MSE at the decision point. Since the transmitter (e.g., 856a) at which 
interference cancellation is done and the receiver whose performance is optimized are 
cormected via a common link, feedback can readily be implemented between them. 

The situation is essentially identical for canceling the transmit interference in 

30 the transmission by the antenna 814b, in the absence of phase noise. The transmitter 
856b receives the symbols a_2 intended for node #2, and also has access to the 
symbols a_l intended for node #3. These symbols are convolved with the 
transmission pulse TPS 858d of the stream to node #3, then passed through an 
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adaptive equalizer Eq2 862b, and added in a summing junction 866b to the 
transuMSsion pulse TPS 858c intended for node #2. The adaptation is done to optimize 
a performance measure at node #2. 

The structure of transmit interference cancellation does not depend on whether 
5 or not ATPC is used, and on whether more than one modulation scheme is used 
among the three nodes (#1, #2, #3). However, in the absence of ATPC the ratio 
between transmit interference and desired signal is preferably kept below -12 dB, 
even in case of poor angle separation and different modulations. The presence of 
ATPC can worsen the situation. In principle, the system should be designed so that 
10 the ratio between transmit interference and desired signal will not exceed -10 dB. In 
cases of poor angle separation, this can be reached by reducing the dynamic range of 
modulation backs-off, and/or reducing the dynamic range of ATPC. 

Phase Noise Effects And Cancellation 

15 Phase noise constitutes a major impairment in MMW systems. Due to the 

high frequency of MMW, the carrier suffers from high phase noise. In addition, in 
MMW systems the outdoor imit must be attached to the antenna back, making • 
transmission with common carriers unfeasible. As a consequence, for example, each . 
radio path from the antenna to the digital part in the multidimensional adaptive 

20 equalizer of Figure 6 adds its own phase noise. The main difficulty is caused by the 
phase noise at the receive antennas, since in decoding one symbol stream, the 
interference from other symbol streams must be subtracted coherently. Once the 
interference is subtracted coherently, the remaining phase noise due to transmit 
antennas causes no special difficulty, and can be mitigated as in conventional MMW 

25 systems which do not employ interference cancellation from different antennas. 

Receive Interference Cancellation, With Phase Noise 
Figure 9 illustrates a structure for a multidimensional adaptive equalizer 900, 
based on the multidimensional adaptive equalizer 600 of Figure 6, with the addition 
30 of six phase locked loops (PLLs) 936a, 936b, 936c, 936d, 940a and 940b located at 
the branches of the multidimensional equalizer for mitigating phase noise in receive 
interference cancellation. 



wo 02/19591 



PCT/ILOl/00820 



23 

Phase noise at the transmitters is represented by e^®^ for node #3 transmitting 
over the antenna 9143, and by e*®^ for node #2 transmitting over the antenna 914b. 
Phase noise at the receiver is represented by e**^ for the signal received by the antenna 
926a, and by e^*^ for the signal received by the antenna 926b. 
5 The fact that the PLLs and equalizer of Figure 9 cancel the phase noise effects 

can be seen as follows. For decoding the symbol stream a_l, PLL 22 936d cancels 
e'*^, the phase noise of receive antenna 916b, and PLL-1 1 936a cancels e^*\ the phase 
noise of receive anteima 916a. An equalizer (934a, 934b, 934c, 934d, 938a, 938b) 
optimized for the system without phase noise (compare 634a, 634b, 634c, 634d, 638a, 

10 638b) inverts the receive interference channel. Thus PLL-1 940a sees only d®^, the 
phase noise of transmit antenna 914a with the desired symbol stream a_l. Similar 
arguments show that the same structure compensates for the noises in decoding the 
symbol stream a_2 received by the antenna 916b. 

A block diagram of a PLL 950, of the kind used in the present invention to 

15 cancel the phase noise, is illustrated in Figure 9D. For example, consider the PLLs of 
Figure 9. All of the PLLs appearing in that system may be of the form depicted in 
Figure 9D, where the signals "X" and "Y" depend on the specific location of the 
phase corrector. For example, for the PLL-11, "X" is.tlie signal at the output of Eqll, 
the mixer 952 of Figure 9D is the multipUcation device 936a of Figure 9, and the 

20 signal "Y" is the output of the multiplication device 940a of Figure 9. In principle, 
the decision device 954 of Figure 9D is the decision of the relevant stream in Figure 
9. With reference to Figure 9D, it is easy to verify that the signal Z2 is 
approximately the instantaneous phase difference between the signals "Y" and "Z". 
The instantaneous phase difference is subject to fluctuations due to symbol noise, 
^ 25 thermal noise, etc., and thus it is filtered with a first or second order linear filter 956. 
The signal Z3 at the output of the filter 956 is the estimate of the phase error at the 
specific location of the PLL. PLLs are common devices in engineering systems, and 
many variations on their structure exist. The PLL of Figure 9D is for illustration 
purposes only, to show that phase error cancellation is possible. The invention is not 

30 limited to this specific structure. For example, the phase detector can take into account 
phase corrections made by other PLLs in the system (coupled PLLs), etc. 
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Alternatively, the system of Figure 9 can be implemented with fewer than the 
six PLLs described hereinabove. Referring again to symbol stream a_l, any one of 
the three PLLs PLL-11, PLL-21, or PLL-1, can be removed without affecting the 
overall performance. Similarly, with regard to the symbol stream a_2, any one the 

5 three PLLs PLL-22, PLL-12, or PLL-2, can be removed without affecting the overall 
performance. Thus, for example, if both PLL-1 and PLL-2 were removed, there would 
remain only 4 PLLs (-11,-21,-12, -22). This is illustrated in Figure 9A. 

Or, if PLL-1 1 and PLL-22 were removed, then the phases of PLL-1 2 and 
PLL-21 would be identical (up to a sign) and could be combined as one PLL-21/12, 

\() leaving only 3 PLLs. This is illustrated in Figure 9B. 

Furthermore, although common carrier at transmit antennas is not possible in 
MMW . ii is possible to use a common reference at lower frequencies. This reduces 
the iiitVcrcnce between phase noise originating from the receive antennas, which is, as 
Ji >vus>cd above, the main source of difficulty in combating phase noise in systems 

1 ' in\o!\ irvj interference cancellation. In such a case, the receive interference canceller 
c\in implemented with only two PLLs. Indeed, the phases (j)! and ^2 being 
iJciuiv .il < e.g., equal to (j)) can be added to the transmit phase noises e'®^ and e*®^. The 
ci|u.i!i/ef inverts the channel. Now PLL-1 cancels 91+(t) and PLL-2 cancels G2+(j). 
Iherct.^r-j PLL-ll, PLL-21, PLL-12, and PLL-22 can be removed, leaving only two 
PL I s ihis is illustrated in Figure 9C. 

W'lXh regard to receive interference cancellation, it is important to realize that 
sMK c lour sources of phase noise, and thus four phase noise processes, are involved, 
ii is L'enerally not possible to synchronize the carrier of the receive interference signal 
with Uku of the desired signal, since these signals come from transmitters located at 

25 diffcrenl sites (e.g., nodes #2 and #3) 

Transmit Interference Cancellation, With Phase Noise 
Figure 10 illustrates a structure for a transmit interference canceler 1000, 
based on the transmit interference canceler 800 of Figure 8, which would be located 
30 at a transmitting node (e.g.. Node #1). Two transmitters 1056a and 1056b are shown, 
connected respectively to two antennas A 1014a and B 1014b. The antenna 1014a is 
directed to node #3. The antenna 1014b is directed to node #2. Symbols a_l and 
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a_2, are provided to transmitters 1056a and 1056b respectively, to be transmitted to 
node #3 and to node #2, respectively. 

The source of phase noise impairments in transmit interference cancellation is 
the difference which may exist between the phase noises at the corresponding transmit 
5 radio paths. In transmit interference cancellation, the transmitter of the desired signal 
and tliat of the interfering signal are located in the same site, and therefore carrier 
synchronization is possible. This fact is crucial, since in transmit interference 
cancellation, the equalizers located at a given node opt to optimize performance at 
another node. This implies that for such a scheme to be practically feasible, the 

10 adaptation process mxist be slow. Otherwise, high rate feedback (wayside chaimel) is 
required, reducing the net capacity of the ring and rendering the system impractical. 
Phase noise of a typical MMW carrier is a fast process, therefore for the system to be 
practically implemented, the phase noises theta_2 and theta_3 must be approximately 
the same - i.e., some degree of carrier synchronization must be achieved. Using a 

15 common low frequency reference for the carriers transmitted via antenna 1014a and 
antenna 1014b of node #1 can accomplish this. 

It should be noted that in transmit interference cancellation only three phase 
noise sources are involved - two (e^^^ and e*^) at the transmitters and one (e.g., d*^) 
at the receiver. However, since the phase noise sources at the transmitters can (and 

20 must) be synchronized (e*®^ = e*^^), only two phase noise processes (e*^^ and 
are present. 

Utility of the Invention 
The present invention of receive interference cancellation and/or transmit 
25 interference cancellation is useful in many of the instances of receive and transmit 
interference, such as were described hereinabove, as follows: 

A) Without ATPC, Same Modulation for all links; Link- lengths . may not be 
constant along the chain/ring, depending on the physical locations of the nodes. 
30 Moreover, according to weather conditions, one link can suffer from high attenuation 
due to rain, while the other can see clear sky. Typical accumulated rain attenuation 
value in MMW links can reach 30 dB in bad weather conditions. Thus the dynamic 
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range of receive interference to desired receive signal can be very high, from the 
range of -60 to -40 dB without rain, to the range of —30 to —10 dB, depending on 
angles between antennas and weather conditions. Instances of receive interference at a 
level of -30dB and above will typically greatly benefit from the lise of receive 
5 interference cancellation. 

B^ With ATPC. Same Modulation for all links: Typical values of ATPC in MMW 
systems is 10 to 25 dB dynamic range. With 20 dB ATPC, the receive interference 
may be reduced to -20dB, or worse. These situations facilitate the use of receive 
10 interference cancellation. 

C) Without ATPC, Different Modulations along the chain/ring: Employing 
different modulations along the chain/ring further increases the dynamic range of 
receive interference to desired signal. In the absence of ATPC, each antenna 

15 transmits with the maximal possible power. When different modulations are 
employed, the maximal power varies according to the required back-off. The 
difference in back-off required for 16 QAM and 128 QAM is in the order of 5 dB (this 
takes into account not only the different peak-to-r.m.s. of the constellations, but also 
the sensitivity to impainnents). Consider, for example, the following. Assume, for 

20 example^ that the link 416 from node #2 404 to node #1 402 in Figure 4 employs 16 
QAM (or 16 TCM), while the link 418 from node #3 406 to node #1 402 employs 128 
QAM (or 128 TCM). This enliances the receive interference at antenna 402a by an 
amount of 4 dB, due to the fact that the back-off required by the transmitter in node 
#3 406 is larger by 5 dB than that required by the transmitter in node #2 404. Since 

25 ATPC is not present, the fact that decoding 16 QAM needs lower received power 
cannot be taken into account. Thus, the conclusion is, as in the case of fixed 
modulations among the three stations, when no ATPC is present, the riatio between 
receive interference and desired signal can exceed considerably the value of -30dB- 
In these cases, receive interference cancellation will be of great benefit. 

30 

D) With ATPC, Different Modulations along the chain/ring; In this case, the 
receive interference is increased relative to that in case B (with ATPC, same 
modulation) by an amount equal to the difference in sensitivity. The difference in 
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sensitivity between 16 QAM and 128 QAM may typically be 9 dB. Thus the 
interference may be roughly only 10 dB below the desired signal. In these cases, 
using receive interference cancellation is not necessary. 

E. Without ATPC, Same Modulation for all links: In this case, the ratio of transmit 

interference to desired signal is determined solely by the amount of out-of-main beam 
leakage (directivity) of the antenna and the neighborhood of the antenna. This is due 
to the fact that even in case of strong rain attenuation, the desired and interfering 
signals are subject to the same rain attenuation, and the constellations and 
transmission power are similar. Thus the transmit interference is very weak in case of 
good direction separation (for MMW, about -60 to -40 dB), and can deteriorate to — 
30 dl^ or below, depending on the angle between the links and the site geometry. 
IVansniit interference cancellation may be of only limited utility, in some instances. 

r. \N ith \ TPC, Same Modulation for all links; Typical ATPC dynamic range is 10 
In AH W ith 20dB ATPC, transmit interference to desired signal ratio can reach a 
IcNcI *'i -20dB. In these instances, transmit interference cancellation would be 

(i \Ntth«Mit ATPC, Different Modulations along the chain/ring; Transmit 
inicrlcrcTKc deteriorates from the situation of no ATPC and one modulation, by an 
anu^un! equal to the differences between required back-off, which may reach values of 
ilic order of 5dB between 16 QAM and 128 QAM for example. This results in a value 
of aK>ui -25dB transmit interference. The maximal allowed interference at each 
moduIaii*.»n is determined by its sensitivity. In these cases, transmit interference 
cancellation should be employed. 

H. With ATPC, Different Modulations along the chain/ring: In this case transmit 
interference may deteriorate by an amount of 5dB relative to the case of ATPC with 

one modulation scheme. Thus it may reach -15 dB or worse. These instances can 
also benefit from transmit interference cancellation. 



• ■ 
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System Setup 

As described hereinabove, a feedback channel is required for transmit 
interference cancellation to work, but no feedback channel is required for receive 
interference cancellation to work. Since a feedback channel is not available at system 

5 initialization, it is desirable to have a setup process that will not need transmit 
interference cancellation for starting the system. Once the receive interference 
cancellation is established, the feedback channel will exist, and transmit interference 
cancellation will be possible. Two setup schemes are described hereinbelow. It 
should be noted that the setup schemes do not refer to one building block only, but 

10 treat the whole system (ring/chain of links) as a whole. In particular, the setup 
schemes do not depend on the specific distribution of licenses along the chain of 
links/ring. It is important to emphasize that these are examples only, to demonstrate 
that system setup possible even in systems using feedback which is not available 
before setup is completed. 

15 According to a first setup scheme ("simultaneous setup"), at system 

initialization, ATPC is turned off, so dynamic range of transmit interference is 
minimized. This ensures that transmit interference is kept relatively low. The 
transmit interference cancellation is also turned off, since there is no information 
available about performance of adjacent nodes, and thus no adaptation can take place. 

20 Only the adaptive receive interference cancellers are on. The multidimensional 
equalizers of the receive interference cancellation devices are "trained" as the system 
boots. When the system is up and the feedback channel is available, the transmit 
interference cancellation devices are turned on, and start their adaptation process. The 
ATPC is turned on only after the transmit interference cancellers have acquired 

25 chaimel knowledge, i.e., have converged to steady state. Note that this scheme is 
applicable only when the geometry and the modulations employed guarantee that 
wayside chaimels can be set without ATPC. 

According to a feature of the simultaneous setup scheme, to facilitate set up, 
two different modulation rates can be used that employ the same bandwidth. A low 

30 rate modulation (small constellation) is used at system setup. This is advantageous 
since small modulation can bear higher transmit interference. After the nodes have 
been setup, the system can pass to a higher rate modulation. When passing from 
small constellation to a higher constellation, the adaptive algorithms have only to 
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update the gains of the transmit interference canceller and receive interference 
canceller. 

The second setup scheme is referred to as "link-by-link setup". To illustrate 
this scheme, reference is made to the chain of links/ring network of Figure 2. 
5 Initially, nodes #2 and #3 transmit to node #1 only. Since no transmission is done to 
nodes #4 and #5, no transmit interference cancellation is needed at nodes #2 and #3, 
even if these are implemented with the same spectrum license. After these two links 
have been set up, feedback channels are available from #3 to #1 and from #2 to #1. 
At this stage, #1 can activate its transmit interference cancellation devices, and start 

10 transmitting to nodes #2 and #3. After these two links have been established, we 
proceed along the ring/chain, from node #1 clockwise and counterclockwise. Node 
#2 has wayside channel information from #1, so it can activate transmit interference 
cancellation to its transmission to node #1, and after that, starts transmission to node 
#4. Similarly, node #3 has wayside channel information from node #1, thus it 

15 activates its transmit interference cancellation to the transmission to node #1 , and then 
starts transmission to node #5, and so on. Continuing in this manner, the whole 
ring/chain is being set up link by link. The main idea that a given node always starts 
transmission in two steps. First, transmission to only one adjacent node is 
established. Only when feedback channel from this node is available, transmit 

20 interference cancellation is activated, and then transmission to the other adjacent node 
starts. It should be noted that, whenever a transmission starts, its ATPC can be 
immediately activated. This link-by-Iink setup scheme is advantageous over the 
simultaneous setup scheme in situations where in the absence of ATPC, the receive 
interference is so strong that link setup is not possible. 

25 Although the invention has been described with respect to a limited number of 

embodiments, it will be appreciated that many variations, modifications and other 
applications of the invention may be made, and are intended to be within the scope of 
the invention, as disclosed herein. 

For example, the present invention can advantageously be incorporated with 

30 the invention set forth in the aforementioned PCT/USOl/24913, which discloses the 
use of multi-antenna transmit and receive arrays, with and without dual polarization, 
to improve spectral efficiency of millimeter wave (MMW) communications between 
two locations. The technique exploits array geometry in combination with suitable 
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transmit shaping and receive equalization to increase the number of effective channels 
between two locations. The geometry of the antenna arrays, the transmit shaping and 
the receive equalization are determined according to the carrier frequency and the link 
length (distance between the antenna arrays) to optimize performance, (e.g., as 

5 measured in terms of residual mean-squared error at equalizer outputs). Generally 
speaking, each of a plurality of receive antenna elements receives signals transmitted 
from all of the transmit antenna elements with differing degrees of phase shift. At the 
receiver, the signals are combined in a manner which emphasizes one channel and 
substantially cancels out all others, thereby achieving channel separation, and 

10 consequently increasing spectral efficiency. The spectral efficiency can fiiilher be 
increased by using dual polarization techniques. 
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CLAIMS 

What is claimed is: 

1 . A communication system comprising: 

a serial chain of nodes comprising a middle node a first adjacent node on a one 
side of the middle node and a second adjacent node on an opposite side of the middle 
node; 

each of the middle, first adjacent and second adjacent nodes comprising a 
transmitter and a receiver; 

a first antenna at the middle node for transmitting and receiving over a first 
link with the second adjacent node; 

a second antenna at the middle node for transmitting and receiving over a 
second link with the first adjacent node ; and 

means for performing interference cancellation in one or both of the 
transmitter and receiver of the middle node. 

2. A communication system, according to claim 1, wherein the means for 
performing interference cancellation comprises: 

a multidimensional equalizer in the receiver of the middle node for performing 
receive interference cancellation. 

3. Communication system, according to claim 2, wherein the first antenna 
receives a first signal , the second antenna receives a second signal , and the 
multidimensional equalizer comprises: 

a first (inline) equahzer block having an input receiving the first signal, and an 

output; 

a second (cross) equalizer block having an input receiving the first signal, and 
an output; 

a third (cross) equalizer block having an input receiving the second signal, and 
an output; 

a fourth (inline) equalizer block having an input receiving the second signal, 
and an output; 

a first summing jimction having two inputs and an output; and 



PMcrmnirv *-wn 



I • 

WO 02/19591 



PCT/ILOl/00820 



32 

a second summing jxmction having two inputs and an output; 
wherein: 

the outputs of the &st and third equalizer blocks are connected to the two 
inputs of the first summing jimction; 

the outputs of the second and fourth equalizer blocks are connected to the two 
inputs of the second summing jimction; 

the output of the first summing junction provides an interference-cancelled 
version of the first signal; and 

the output of the second summing junction provides an interference-cancelled 
version of the second signal. 

4. Communication system, according to claim 3, wherein: 

the second and third equalizers are different than the first and fourth 
equalizers. 

5. Communication system, according to claim 3, wherein: 
the second and third equalizers are adaptive equalizers. 

6. Communication system, according to claim 3, wherein: 

each of the equalizer blocks comprises a multidimensional adaptive equalizer. 

7. Communication system, according to claim 2, wherein the first antenna 
receives a first signal, the second antenna receives a second signal, and the 
multidimensional equalizer comprises: 

a first (inline) equalizer block having an input receiving the first signal, and an 

output; 

a second (inline) equalizer block having an input receiving the second signal, 
and an output; 

a third (cross) equalizer block having an input connected to the ou^ut of the 
first equalizer block, and an output; 

a fourth (cross) equalizer block having an input connected to the output of the 
second equalizer block, and an output; 

a first summing junction having two inputs and an output; and 
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a second summing junction having two inputs and an output; 
wherein: 

the outputs of the first and fovirth equalizer blocks are connected to the two 
mputs of the first summing junction; 

the outputs of the second and third equalizer blocks are connected to tlie two 
inputs of the second summing junction; 

the output of the first summing junction provides an interference-cancelled 
version of tlie first signal; and 

the output of the second summing jxmction provides an interference-cancelled 
version of the second signal . 

8. Communication system, according to claim ?, wherein: 
the third and fourth equalizer blocks are adaptive. 

9. A commtmication system, according to claim 1, wherein the transmitter of the 
middle node comprises: 

a transmit interference canceller in the transmitter of the middle node for 
performing transmit interference cancellation. 

10. A commvmication system, according to claim 1, wherem tlie transmitter of the 
middle node comprises: 

two transmitters, connected to the two antennas, respectively; 

each transmitter comprising means for receiving a signal and for transmitting 
an interference cancelled version of the signal to a respective one of the adjacent 
nodes. 

11. A communication system, according to claim 1, vs^herein the transmitter of the 
middle node comprises: 

a first transmitter comprising means for convolving a first signal intended for 
transmission to the second adjacent node with an equalized version of a second signal 
intended for transmission to the first adjacent node , and for providing a resulting first 
convolved/equalized signal to the first antexma; and 
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a second transmitter comprising means for convolving the second signal with 
an equalized version of the first signal, and for providing a resulting second 
convolved/equalized signal to the second antenna. 

12. Commxmication system, according to claim 1, wherein: 

the antennas are selected from the group consisting of single antenna, multi 
antenna, dual polarization, and combinations thereof 

13. Method of improving the frequency re-use of links in a communication 
network comprising a serial chain of a middle node a first adjacent node on a one side 
of the middle node and a second adjacent node on an opposite side of the middle 
node, the middle node having a first antenna for communicating with the first adjacent 
node and a second antenna for communicating with the second adjacent node, the 
method comprising: 

at the middle node, performing interference cancellation, selected from the 
group consisting of receive interference cancellation and transmit interference 
cancellation. 

14. Method, according to claim 1 3, further comprising: 

performing receive interference cancellation without mitigating phase noise. 

15. Method, according to claim 13, further comprising: 

performing receive interference cancellation with mitigating phase noise. 

16. Method, according to claim 1 5, further comprising: 
mitigating phase noise by using a common carrier reference. 

1 7. Method, according to claim 1 3, further comprising: 

performing transmit interference cancellation without mitigating phase noise. 

1 8. Method, according to claim 13, further comprising: 

performing transmit interference cancellation with mitigating phase noise. 
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19- Method, according to claim 1 8, further comprising: 

mitigating phase noise by using a common carrier reference. 

20. Method, according to claim 13, fiarther comprising: 

employing Automatic Transmitter Power Control (ATPC) at the nodes. 

21. Method, according to claim 13, further comprising: 

employing various modulations on links between the various nodes of the 
network 

22. Method, according to claim 13, further comprising a method of setting up the 
links of the network comprising: 

-ma first step, activating only receive interference cancellation; 

- in a second step, making a feedback chaimel available, and 

- in a third step, activating transmit interference cancellation. 

23. Method, according to claim 22, wherein the method of setting up is performed 
link-by-link, sequentially, for each node 

24. Method, according to claim 22, further comprising: 

employing Automatic Transmitter Power Control (ATPC) at the nodes; and 
turning ATPC off during setup. 

25. Method, according to claim 13, wherein: 

the communication system is a millimeter wave (MMW) communication 

system. 
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